Controversies have emerged regarding the beneficial v. detrimental effects of dietary n-6 PUFA. The alteration of the intestinal microbiota, a phenomenon termed dysbiosis, occurs during several chronic inflammatory diseases, but has not been well studied in an aged population. With present 'Western' diets predominantly composed of n-6 PUFA, we hypothesised that PUFA-rich diets cause intestinal dysbiosis in an aged population. C57BL/6 mice (aged 2 years) were fed a high-fat (40 % energy), isoenergetic and isonitrogenous diet composed of rapeseed oil, maize oil or maize oil supplemented with fish oil. We examined ileal microbiota using fluorescence in situ hybridisation and stained tissues by immunofluorescence for the presence of immune cells and oxidative stress. We observed that feeding high-fat diets rich in n-6 PUFA promoted bacterial overgrowth but depleted microbes from the Bacteroidetes and Firmicutes phyla. This corresponded with increased body mass and infiltration of macrophages and neutrophils. Fish oil supplementation (rich in long-chain n-3 PUFA like DHA and EPA) restored the microbiota and inflammatory cell infiltration and promoted regulatory T-cell recruitment. However, fish oil supplementation was associated with increased oxidative stress, evident by the increased presence of 4-hydroxynonenal, a product of lipid peroxidation. These results suggest that an n-6 PUFA-rich diet can cause dysbiosis and intestinal inflammation in aged mice. However, while fish oil supplementation on an n-6 PUFA diet reverses dysbiosis, the combination of n-6 and n-3 PUFA, like DHA/EPA, leads to increased oxidative stress, which could exacerbate gastrointestinal disorders in the elderly.
The microbiota is an intricate system of micro-organisms consisting of over a thousand different species of commensal bacteria, including a small amount of potentially pathogenic bacteria surviving in a symbiotic relationship with its host (1) . The human gut microbiota mainly consists of two bacterial phylogenies: Bacteroidetes (CFB) and Firmicutes (FIRM) (2) . A smaller amount of bacteria is represented by the Proteobacteria (GAM) and Actinobacteria phyla (3) . Particular interest lies in the FIRM and CFB phyla (4) , as many members are considered beneficial to the alimentary system, contributing significantly to the functionality of the intestine. Often, in individuals experiencing dysbiosis, such as that during obesity, the ratio of FIRM:CFB changes (5) . An alteration in the ratio of these phyla is also known to occur in inflammatory bowel disease (IBD) (6) , ageing (7) , diabetes (8, 9) and the metabolic syndrome (10) . Disruption of these bacterial populations may have detrimental effects on the immunological and protective functions that occur in the host.
While host genetics has some control over the composition of the microbiota (11) , diet as an extrinsic factor has received much attention recently. Over the past 30 years, industrialised countries have shifted their consumption of fats from that of saturated fats, to predominantly n-6 PUFA from vegetable oils, such as maize, safflower and sunflower oils (12) . More interestingly, high n-6 PUFA induces a 30 % increase in the risk of ulcerative colitis, whereas n-3 PUFA may decrease the incidence of colitis by upto 77 % (13) . A high-n-6, low-n-3 PUFA diet has been linked to several other pro-inflammatory conditions such as insulin resistance (14, 15) , atherosclerosis (16, 17) , colorectal (18, 19) and pancreatic cancers (20) and IBD (21, 22) . Although likely, it is yet unknown if the microbiota and the intestinal inflammatory milieu are altered with such diets.
Ageing has been recently associated with microbial dysbiosis (23) , and at different stages in life the ratio of FIRM:CFB has been shown to be different (7) . The microbial population in ageing human subjects shows a rearrangement in the FIRM population and a higher abundance of facultative anaerobic bacteria associated with increased inflammation (24) . Both intestinal diseases and inflammation progress with age, but it is unknown if diet can affect microbiota compositions in an aged population, thereby promoting altered host responses such as inflammation.
The present study investigated the effect of diets rich in various PUFA on dysbiosis, immune cell infiltration and oxidative stress in the small-intestinal ileum of aged mice. We found that diets rich in maize or rapeseed oil rich in linoleic acid (called n-6 PUFA) promoted bacterial overgrowth, but depleted microbes from the major gut phyla, CFB and FIRM. This corresponded to an increase in body mass and infiltration of macrophages and neutrophils into the ileal submucosae. In contrast, fish oil-supplemented diets, rich in EPA and DHA, restored microbial numbers and composition, recruited regulatory T (T reg ) cells and decreased the infiltration of macrophages and neutrophils, but were associated with increased oxidative stress, evident by increased immunolocalisation of 4-hydroxynonenal (4-HNE), a product of lipid peroxidation. These results suggest that, while fish oil supplementation can reverse detrimental effects of excess n-6 PUFA, the present study also demonstrates that the combination of n-6 PUFA and DHA/EPA could lead to unintended consequences, such as oxidative stress, which have the potential to lead to increased susceptibility to intestinal dysfunction in an aged population.
Experimental methods

Mice and feeding protocols
Female C57BL/6 mice (aged 24 months) were maintained from birth at the Child and Family Research Institute at the University of British Columbia. Mice were fed g-irradiated food and tap water under specific pathogen-free conditions in animal facilities. The protocols used were approved by the University of British Columbia's Animal Care Committee and are in direct accordance with the guidelines drafted by the Canadian Council on the Use of Laboratory Animals.
Mice were fed a high-fat (40 % energy) or a 'normal' chow (9 % energy from fat) diet for 33 d. In total, 40 % energy represents the upper limit of human fat consumption (25) . Earlier studies have demonstrated that, akin to the present study, feeding 20 % (w/w) sunflower oil for 4 weeks increases the n-6 PUFA content of circulating lipoproteins, a major source of fatty acids to the host tissues (26) . The high-fat diets were isoenergetic and isonitrogenous, and were prepared by adding 200 g of oil to 800 g of basal mix obtained from Harlan Teklad (catalogue no. TD.88.232). The oils used were 20 % (w/w) rapeseed oil (low-n-6 group), 20 % (w/w) maize oil (high-n-6 group) or 19 % (w/w) maize oil supplemented with 1 % (w/w) fish oil (high-n-6 þ long-chain n-3 PUFA group). The fatty acid compositions of the various oils are given in Table 1 , while the energy and macronutrient composition of the basal mix is listed in Table 2 .
For fish oil-supplemented diets, we followed the guidelines set by the American Heart Association, which recommends 0·5-1·8 g of long-chain EPA þ DHA to offset high levels of n-6 PUFA, like linoleic acid (average intakes of 18 g/d in USA), and treat cardiovascular disorders (27, 28) . Therefore, a ratio of 20:1 (w/w) of oils is required to mimic human dosing with the lowest dose of fish oil. As depicted in Table 1 , EPA þ DHA constitute 34 % of fish oil by weight, and therefore, 0·5 g of EPA þ DHA is available in 1·5 g of fish oil. Similarly, 18 g of linoleic acid is present in 30 g of maize oil. Therefore, we added 1 % (w/w) fish oil with 19 % (w/w) maize oil for the fish oil-supplemented diet. A high-fat diet with fish oil was exclusively avoided as higher percentages of fish oil (8 % (w/w) and beyond) are not only supraphysiological but can induce oxidative stress and inflammation per se (29, 30) .
Tissue collection
After the feeding protocols were completed, the mice were killed and small-intestinal ileal tissue samples were collected. Adherent microbes were separated from the ileal tissues through homogenisation and fixed in 3·7 % formalin for analysis. For immunofluorescence, ileal tissues were fixed in 3·7 % formalin, embedded in paraffin and 3 mm intestinal sections were sectioned by the histology group at the Child and Family Research Institute at the University of British Columbia.
Microbiota analysis
To examine ileal microbial ecology, fluorescence in situ hybridisation was used similar to Ghosh et al. (31) . Briefly, probes used to hybridise microbiota samples were Eubacteria (EUB) (FarRed-conjugated EUB338 general bacterial probe; EUB338: 5 0 -GCTGCCTCCCGTAGGAGT-3 0 ), CFB (Texas redconjugated CFB probe; CFB286: 5 0 -TCCTCTCAGAACCCCTAC- 3 0 ), FIRM (AlexaFluor-conjugated FIRM probes:
LGC354a:
LGC354c: 5 0 -CCGAAGATTCCCTACTGC-3 0 ) and g-GAM (AlexaFluor-conjugated GAM probe; GAM42a: 5 0 -GCC-TTCCCACATCGTTT-3 0 ). Sequence specificity of CFB and GAM (32) , as well as EUB (32) and LGC (33) , probes was confirmed through the 16S RNA Ribosomal Database or the Probe Check Database (http://131.130.66.200/cgi-bin/probecheck/ content.pl?id ¼ home). Probes were hybridised to bacteria filtered onto Nucleopore polycarbonate membranes and imaged using a fluorescent microscope. Percentages of CFB, GAM, FIRM and all other bacteria were calculated based on the number of positively probed bacteria, visualised in five to six randomly selected fields of view, against the number of positively probed Eubacteria representing total bacteria. For quantifying total microbial loads, SYBR green staining (nucleic acid stain; Invitrogen) was used on bacterial samples. The samples were filtered onto Anodisc 25 membranes, stained, mounted and imaged as mentioned earlier. Total microbiota load was calculated by averaging the number of SYBR-positive cells/g of tissue weight, accounting for a total filter area of 2·01 cm 2 , picture dimensions of 5·622 £ 10 22 cm 2 and 100£ objective magnification. To determine if the bacteria were interacting with the host epithelium, fluorescence in situ hybridization was performed on tissue sections by deparaffinising and rehydrating paraffin-embedded tissue sections and incubating overnight at 378C in the dark with probes. Sections were washed with hybridisation solution, wash buffer and deionised water. Samples were then mounted using fluoroshield with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Sigma) and viewed using an Olympus IX81 fluorescent microscope.
Immunofluorescence
Paraffin-embedded tissue sections were deparaffinised and rehydrated using standard techniques. Antigen retrieval of rehydrated tissues was performed using a 1 mg/ml trypsin (Sigma) for 20 -30 min at room temperature. The tissue was washed and blocked with 5 % bovine serum albumin (Sigma) followed by incubation with the following primary antibodies: myeloperoxidase rabbit polyclonal antibody- 
Statistical analysis
The results are expressed as mean values with standard errors and graphed in GraphPad Prism version 4.00 for Windows (GraphPad Software). Statistical analysis was performed using a non-parametric Mann-Whitney t test at a 95 % CI (n 5-6 mice in each diet group).
Results n-6 PUFA-rich diets caused bacterial overgrowth and dysbiosis associated with weight gain and dietary n-3 PUFA reversed these effects C57BL/6 mice (aged 2 years) were fed a high-fat (40 % energy), isoenergetic and isonitrogenous diet composed of maize oil (high n-6 PUFA), maize oil supplemented with fish oil (high n-6 PUFA supplemented with long-chain n-3 PUFA) or rapeseed oil (low n-6 PUFA) for 33 d. To determine the effect of dietary PUFA on the intestinal microbiota, we examined the microbes associated with the ileal samples obtained from the groups of mice. Since bacterial overgrowth has been associated with excessive inflammation in the gut (34) , we examined total bacterial loads and found that the maize oil diet causes bacterial overgrowth ( Fig. 1(a) ). In contrast, animals given fish oil supplementation reversed ileal bacterial overgrowth to levels observed with normal chow.
To determine the effect of dietary PUFA on dysbiosis, we examined bacteria from major gut phyla CFB and FIRM, as well as GAM, using fluorescent in situ hybridisation. Compared with the normal chow, both the maize and rapeseed oil-fed groups showed the greatest changes in bacterial composition ( Fig. 1(b) ). The maize oil-fed group had significantly fewer bacteria detected from the FIRM and CFB phyla compared with normal chow, whereas the rapeseed oil-fed group had significantly fewer bacteria from the CFB phylum. This resulted in an increased ratio of FIRM:CFB for both of the maize and rapeseed oil-fed groups compared with the normal chow ( Fig. 1(c) ). This change in ratio has been associated with various disease profiles including obesity (10, 35) , and indeed, mice fed maize or rapeseed oil had significantly increased body mass compared with the normal chow groups (Fig. 2) . However, such changes could not be attributed to higher energy density per se, as fish oil supplementation had significantly less weight gain compared with both maize and rapeseed oil groups. Instead, we hypothesise that the reduced weight gain was due to the restored bacterial composition, as the FIRM:CFB ratio was similar to that of the normal chow control group in the fish oil-supplemented group.
All high-fat diets resulted in a close association of the microbiota to the intestinal mucosal surface, but only the n-6 PUFA-rich diet resulted in bacterial infiltration across the intestinal barrier In a healthy gut, it is thought that the bacteria are separated from the intestinal mucosal surface by mucin layers. To examine if dietary PUFA influenced the location of the microbiota in the ileum, we examined the FIRM and CFB bacteria using specific probes on tissues sections to highlight the bacterial interaction with the intestinal mucosal surface (Fig. 3 ). While we found that the microbiota was not in close association with the intestinal mucosal surface in the normal chow group, the bacteria were closely associated with the intestinal epithelia in all the high-fat diet groups. However, the maize oil group showed increased bacterial infiltration into the intestinal epithelium ( Fig. 3; white arrows) . Notably, fish oil supplementation resulted in decreased bacterial infiltration.
Maize oil diets increased infiltration of neutrophils and macrophages and fish oil supplementation recruited immunosuppressive regulatory T cells
Since bacterial infiltration across the mucosal surface could increase inflammatory responses, we examined neutrophil, macrophage and T reg cells infiltration on tissue sections by immunofluorescence ( Fig. 4) . Maize oil, similar to rapeseed oil diets, resulted in the infiltration of F4/80 þ macrophages and myeloperoxidaseþ neutrophils, but only a few T reg cells, which is consistent with increased intestinal inflammation. In contrast, supplementation with fish oil restored inflammatory cell infiltration similar to normal chow controls and increased T reg cell recruitment beyond normal chow levels ( Fig.4(e) ). This suggests that fish oil may have the capacity to decrease the level of inflammation associated with high-fat feeding in aged mice.
Supplementing maize oil diets with fish oil increased 4-hydroxynonenal in the ileum
Since oxidative stress has been associated with ageing and PUFA consumption, we investigated the abundance of 4-HNE, a product of lipid peroxidation (Fig. 5) . Surprisingly, the presence of 4-HNE was highest in the dietary fish oil group, mostly present in the serosal side of the submucosal The relative abundance of different bacterial phyla with their standard errors in the ileum was determined via fluorescence in situ hybridisation using specific probes to the bacterial phyla Bacteroidetes (CFB, ), Firmicutes (FIRM, ) and g-Proteobacteria (GAM, ). All other bacteria were counted as unknown ( ). (c) The ratio of FIRM:CFB was calculated based on fluorescence in situ hybridisation percentages. The maize and rapeseed oil-fed groups have a higher ratio than normal chow controls, whereas the fish oil supplementation group has a similar ratio as the normal chow control group.
region of the ileum. Since oxidative stress can damage host cellular components such that the functionality of the cell is reduced, this may be a negative consequence associated with DHA þ EPA supplementation on an already high-n-6 PUFA diet.
Discussion
The relationship between diet and health is complex when considering the fact that dietary antigens interact with both the gastrointestinal microflora as well as the host mucosal surfaces. This is further complicated by the fact that all dietary oils are a mixture of various fatty acids, which makes attribution of any biological effects to a single type of fatty acid difficult. The intestinal microbiota plays a crucial role in early postnatal development of immunity, but the microbiota and ensuing immunological responses have not been well studied in an aged population. This is a critical group to study, considering that many chronic diseases while diagnosed in early adulthood persist into old age. The recent rise in rates of inflammatory diseases suggests a major contribution from changing environmental determinants like diet. In the last few decades, there has been a shift in the amount and composition of fats associated with a 'Western' diet. In Canada, as an example, over the last 30 years, the consumption of n-6 PUFA increased by over 54 %, as saturated fat consumption has plateaued (36) . In the present study, we examined the effect of dietary PUFA in the gastrointestinal tract of aged mice to determine the effect on microbial ecology. We found that maize and rapeseed oil diets containing n-6 PUFA promoted dysbiosis, or ecological disturbances to the intestinal microbiota, which was associated with increased infiltration of macrophages and neutrophils. While initially we hypothesised that either the low n-6 PUFA or the high n-3 PUFA, like a-linolenic acid, would be protective against dysbiosis, the lack of protection with rapeseed oil was intriguing. Therefore, with an abundance of n-6 PUFA, a-linolenic acid may not provide benefit or may not undergo sufficient bioconversion to its long-chain metabolites DHA þ EPA (37) . In contrast, fish oil supplementation, which directly added DHA þ EPA, restored the microbiota as well as inflammatory responses compared with the normal chow-fed mice. However, fish oil supplementation was also associated with increased 4-HNE, a product of lipid peroxidation. The present study reveals that, while fish oil supplementation can reverse the effects of n-6 PUFA diets on intestinal microbial dysbiosis and inflammatory cell infiltration, the oxidative stress response may increase as an unintended consequence.
Dysbiosis, or altered microbes, has been observed in individuals with many chronic inflammatory diseases like IBD (6) , diabetes (8, 9) , the metabolic syndrome (10) and obesity (5) . Ageing has been recently associated with microbial dysbiosis (23) , resulting in a rearrangement of the FIRM population associated with increased inflammation (24) . The cause of dysbiosis is relatively unknown. In the present study, we show that various fat diets have different effects on the composition of the intestinal microbiota in aged mice. High-fat diets rich in maize or rapeseed oil resulted in an increase in the FIRM:CFB ratio. In contrast, fish oil supplementation reversed this dysbiosis, since the microbial composition was Maize and rapeseed oil diets fed to aged mice result in significant increases in body weight, whereas fish oil supplementation was associated with reduced weight gain. Body weight was measured at the indicated days after feeding high-fat diets and was calculated as the percentage of starting body weight at each time point. While all high-fat diets showed significantly more weight gain compared with the normal chow group, the fish oil-supplemented group showed significantly less weight gain at day 33 compared with both maize and rapeseed oil diets (* P, 0·05). , Maize oil; , maize oil þ fish oil;
, rapeseed oil; , normal chow.
similar to the normal chow control diet. The increase in FIRM has been associated with obese individuals (5) and an increased capability of harvesting energy from the intestine (38) . Similarly, we found that maize and rapeseed oil-fed mice, associated with an increased FIRM:CFB ratio in the ileum, gained the most body weight, whereas the fish oil-supplemented diet, which has restored this microbial ratio back to normal, resulted in less body weight gain despite a similar energy intake of fat energy. This suggests that the dysbiotic microbiota and associated weight gain produced from the presence of n-6 PUFA could be reversed by the presence of n-3 PUFA present in fish oil. High-fat diets composed of maize oil, a source of n-6 PUFA, caused bacterial overgrowth unlike rapeseed diets, which contain both n-6 and n-3 PUFA and oleic acid. Bacterial overgrowth is observed in diseases such as diverticulitis (39) , irritable bowel syndrome (40) and IBD (34) . Although the exact mechanism by which increased numbers of bacteria affect gut homeostasis is unknown, it may simply be due to the increase in bacterial antigens causing chronic and inappropriate activation of immune responses. In support of this, the high-fat diet composed of maize oil resulted in bacterial infiltration across the intestinal barrier, which was associated with increased infiltration of macrophages and neutrophils. Supplementing the maize oil diet with fish oil led to a reversal of these phenotypes: bacterial load, bacterial composition and inflammatory cell infiltration all returned to the normal chow levels. Evidence indicates that the intestinal microbiota can induce, alter or even prevent inflammatory diseases such as IBD (41) , the metabolic syndrome (42) , diabetes and obesity (43 -45) .
Here, we observed that there was increased infiltration of macrophages and neutrophils in the maize and rapeseed oil diet groups and that fish oil supplementation reversed this infiltration and recruited T reg cells into the submucosae, which is in turn important for immune suppression. T reg cells are important during the body's defence against inappropriate immune responses (46) and are induced through stimulation of the immune system by the microbiota (47) . This suggests that the n-3 PUFA found in fish oil may be able to elicit its antiinflammatory properties in the gut by stimulating the recruitment of T reg cells.
Fish oil supplementation resulted in elevated oxidative stress in the ileum. 4-HNE is an aldehyde derived specifically from lipid peroxidation of n-6 PUFA, like arachidonic acid and linoleic acid (48) . Due to the presence of multiple double bonds, PUFA in general are prone to oxidation. Interestingly, addition of fish oil, rich in long-chain n-3 PUFA like DHA (six double bonds) and EPA (five double bonds), to the n-6 PUFA-rich diet promoted the generation of the n-6 PUFA oxidised byproduct, 4-HNE. Similar results in the liver have been previously reported, where 8 % (w/w) fish oil augmented oxidative stress biomarkers (29) . These results suggest that, while fish oil supplementation can reverse detrimental effects of excess n-6 PUFA diets, including microbial dysbiosis and inflammatory cell infiltration, the combination of PUFA could also lead to increased oxidative stress in aged mice. Although not determined in the present study, it is possible that fish oil supplementation, while restoring a similar ratio of various phyla to that seen for normal chow, also altered an yet unidentified microbial species within these phyla, contributing to the increased oxidative stress in the fish oil diet group.
Conclusions
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